The Atomic Clocks Ensemble in Space (ACESIPHARAO mission), which will be installed on board the International Space Station (ISS), uses a dedicated two-way MicroWave Link (MWL) in order to compare the timescale generated on board with those provided by many ground stations disseminated on the Earth. Phase accuracy and stability of this long range link will have a key role in the success of the ACESIPHARAO experiment. SYRTE laboratory is heavily involved in the design and development of the data processing software : from theoretical modelling and numerical simulations to the development of a software prototype. Our team is working on a wide range of problems that need to be solved in order to achieve high accuracy in (almost) real time. In this article we present some key aspects of the measurement, as well as current status of the software's development.
I. INTRODUCTION
The ACES/PHARAO mission is an international metro logical space mission aiming at realizing a time scale of high stability and accuracy on board the International Space Station (ISS). Relative frequency stability (ADEV) should be better than CJ y = 10 -1 3 . T -1 / 2 , which corresponds to 3 . 10 -1 6 after one day of integration (see fig. 1 ); time deviation (TDEV) should be better than 2.1 . 10 -1 4 . T1/ 2 , which corresponds to 12 ps after one day of integration (see fig.2 ). Absolute frequency accuracy should be around 10 -1 6.
This mission is an international cooperation of more than 150 people. PI laboratories are SYRTElParis Observatory, LKBIENS and Neuchatel Observatory, and leading space agencies are the European Space Agency and CNES, the French space agency. Many industrial partners are involved, 978-1-4673-1923-2/1 2/$31.00 ©20 12 IEEE 28 the main ones being EADS/Astrium, EADS/Sodern and Time Tech. All are working together to meet the scientific objectives of the mission:
• Demonstrate the high performance of the atomic clocks ensemble in the space environment and the ability to achieve high stability on space-ground time and fre quency transfer.
• Compare ground clocks at high resolution on a worldwide basis using a link in the microwave domain. In COlmnon view mode, the link stability should reach around 0.3 ps after 300 s of integration; in non-common view mode, it should reach a stability of around 7 ps after 1 day of integration (see fig.2 ).
• Perform equivalence principle tests. It will be possible to test Local Lorentz Invariance and Local Position In variance to unprecedented accuracy by doing three types of tests: a test of gravitational red shift, drift of the fine structure constant and of anisotropy of light.
Besides these primary objectives, several secondary objec tives can be found in [1] . For example, if the theory of general relativity is considered as exact, then the measurement of gravitational redshifts can be used to measure gravitational potential differences between different clock locations. It is a new type of geodetic measurements using clocks called relativistic geodesy.
In this article we describe in details the MicroWave Link (MWL) used in the ACESIPHARAO mission, and developed by TimeTech (TT) and EADS/Astrium. First we describe one- way and two-way links theoretically and introduce the SYRTE Team (ST) observables. In the second part we describe how works the TT modem, and what is the link between the modem observables (TT observables) and the ST observables. Finally we present the status of the data analysis software and of the simulation we are developing.
II. THE MICROWAVE LINK (MWL)
The MicroWave Link (MWL) will be used for space-ground time and frequency transfer. A time transfer is the ability to synchronize distant clocks, i.e. determine the difference of their displayed time for a given coordinate time. The choice of time coordinate defines the notion of simultaneity, which is only conventional. A frequency transfer is the ability to syntonize distant clocks, i.e. determine the difference of clock frequencies for a given coordinate time. Here we suppose that all clocks are perfect, i.e. their displayed time is exactly their proper time. Proper time 7 is given in a metric theory of gravity by relation:
(1) where g Ci (3 is the metric, c the velocity of light, {X Ci } the coordinates and Einstein summation rule is used. We use in this article the notation [.] , which is the coordinate / proper time transformation obtained from eq.(I), and Tij = tjti for coordinate time intervals I.
The MW L is composed of three signals of different fre quencies: one uplink at frequency c::: 13.5 GHz, and two downlinks at c::: 14.7 GHz and 2.2 GHz. Measurements are done on the carrier itself and a code that modulates the carrier at 100 Mchip/s. The link is asynchronous, i.e. the uplink is independent of the downlink. Measurements are provided at 80 ms intervals and can be interpolated in order to choose any particular configuration, e.g. emission of the downlink signal simultaneously with reception of the uplink signal at the spacecraft antenna (so-called A configuration). In the following we give a formal description of one-way and two-way links for code observables. The principle for carrier observables is the same except that periods cannot be identified, leading to a phase ambiguity.
A. One-way link 1) Experiment: let's consider a one-way link between a ground and a space clock represented respectively by subscript 9 and s. The sequence of events is illustrated on fig.3 . At time coordinate tl, clock 9 displays time 71 and modem Mg produces a code Cl. This code modulates a sinusoidal signal of frequency f and sent at coordinate time t2 by antenna g.
The delay between the code production and its transmission by antenna 9 is 6.9 = [T 1 2]9, expressed in local frame of clock g. time 71 and modem Ms produces the code Cl at coordinate time t5'
We use superscript 9 or s on proper times 7 for clocks 9 or s, and we express proper time as a function of coordinate time. Then we can write
We define the ST (SYRTE Team) observable 6.7s given by modem Ms with:
This observable is dated with proper time of clock s when this clock receives code C1 from antenna s. It can be interpreted as the difference between the time of production of code C1 by clock s, and time of reception of same code C1 sent by clock g, all expressed in proper time of clock s.
2) Desynchronisation: desynchronisation between clock 9 and s is written in an hypersurface characterized by coordinate time t = constant. From eqs.(2)-(3) it is straightforward to deduce it for coordinate time t4: 7S(t4) -79(t4) = -6.7s (7s(t4)) -[T23 + [6.9 + 6.S] t f (4) Similar formulas can be obtained for the desynchronization at coordinate times t l and t5. This expression has been obtained for the uplink, from ground to space. To obtain the desynchronisation with downlink observables, all you have to do is replace 9 and s in eq.(4). coordinate time sequence (t�, t 1 , t2, tg, t�) ( fig.4(a) ). This link is defined with the relation:
The downlink has a frequency 12 and is represented by coordinate time sequence (t�, t3, t4, t�, t�) ( fig.3(b) ). This link is defined with the relation:
2) Desynchronisation in a two-way configuration: a two way configuration is defined by Tg ( t �) = TS (t�), i.e. the code 01 of link h is the same as code 0 2 of link 12, and they are locally produced and sent at the same time: t� = t� (at clock g) and t� = t� (at clock s). Then we calculate desynchronisation between clocks 9 and s at coordinate time t� as:
where we introduced the corrected observables � T !/, o and �T ;' o :
3) Desynchronisation in a A configuration: in the ACESIPHARAO mission we use the so-called A configura tion. This configuration minimizes the error corning from the uncertainty on ISS orbitography (in [2] it has been shown that in this configuration the requirement on ISS orbitography is around 10 m). The A configuration is defined by t2 = t 3, i.e. code 0 2 is sent at antenna s when code 01 is received at 30 this antenna. This configuration is obtained by interpolating the observables. Then it can be shown that desynchronisation between clocks 9 and s at coordinate time t2 is: C. Approximations 1) Coordinate / proper time transformation: in equation (7) remains one transformation from coordinate to proper time.
We know that T 1 2 rv T34 rv 1 ms. During this time interval we can consider that the gravitational potential and velocity of the ground station are constant. Therefore we can do the approximation:
M is the Earth mass, r g ( t ) and v g ( t ) are the radial coordinate and the coordinate velocity of the ground clock at coordinate time t . Orders of magnitude of these corrective terms are:
The gravitational term is just at the limit of the required accuracy. The velocity term is well below, so we can neglect it. Final formula for desynchronisation is then:
2) A configuration: in the A configuration we suppose that T23 = O. However, this will never be exactly 0 and it will be known with a precision 8T23. This will add a supplementary delay 8 (TS -Tg ) to desynchronisation (7):
Orders of magnitude are:
With the required accuracy on the MWL, 18( TS -Tg ) I ;S 0.3 ps,
we deduce the following constraint on 8T23:
8T23 ;S 0.9 ms.
This constraint is much less constraining than the one coming from orbitography, which is 8T23 ;S 1 J.Ls (see [2] ).
D. Atmospheric delays
The downlink is composed of two one-way links of fre quencies 12 and h, represented respectively by coordinate time sequence ( t �, t 3 , t 4 , t �, t �) and ( t g, t 5 , t 6 , t g, t 8). These two links are affected by a ionospheric delay that depends on their respective frequencies, whereas the tropospheric delay does not depend on the link frequency (we neglect dispersive effects at this stage). We write: Ionospheric and tropospheric delays are around or below 100 ns, whereas Shapiro delay (term in C 3 ) is below 10 ps for the ACESIPHARAO mission (see [3] and fig.8 ). 1) Ionospheric delay: in order to deduce ionospheric de lays, we combine the two ground observables to be free of tropospheric delays. We obtain:
Here we impose that T 2 6 = 0 , i.e. both 12 and h measurements are done at the ground station at the same local time. However, this will never be exactly zero, there will be a remaining o T 2 6 introducing a timing error o T � (E s ( t �) -E g ( t �)) o T 2 6 ' With a required accuracy o T ;; 0. 3 ps, we obtain the following constraint: o T 2 6 ;; 0. 9 ms. We expect that I T 34 -T 56 1 ;; 100 ns (see [3] ); therefore we can neglect the coordinate to proper time transformation in eq.(l4). We can also neglect this transformation for the delays. Then eq.(14) is equivalent to:
From eqs.(11), (12) and (15) we obtain: 
where N e is the local electron density along the path, STEC S = J N edL, 13 is the Earth's magnetic field and f the unit vector along the direction of signal propagation. It has been shown that higher order frequencies effect can be neglected for the determination of desynchronisation [3] . We suppose that for a triplet of observables 
where e o is the angle between 13 and the direction of propa gation of signal 12 and h. Then we obtain: 2) Tropospheric delay and range: by adding ground and space observables of links hand 12 we obtain: � TS (TS ( t g )) + �Tg (Tg ( t �)) + � i + � �
We neglect the coordinate to proper time transformations for delays and obtain:
Then, from eqs. where Shapiro delay is added for completeness; practically it should be negligible compare to the error of the tropospheric model. This equation shows that range and tropospheric delays are degenerated. Range can be calculated with a model for tropospheric delay, and tropospheric delay can be calculated from an estimation of range.
III. MICROWAVE LINK MODEMS
We explain here basic principles of the ground/space modems developed by TimeTechi Astrium for the ACESIPHARAO mission, that will be linked to the clocks and the antennas. This principle is illustrated on fig.5 . At emitter and receiver are generated a PPS signal (one Pulse Per Second), a 12.5 PPS (one pulse every 80 ms, the period of measurements), and a periodic signal (either code at 100 MHz or carrier). Let e be the emitter and r the receiver.
A PPS impulsion sent at local time T
; p s of the emitter is received at local time T ; p s of the receiver. Local time T ; p s is recorded by the modem for each received PPS. When received, the periodic signal (blue) is mixed with a local oscillator (yellow) which frequency is not far from the received frequency, and filtered to obtain the low frequency part of the beatnote (green). The beatnote frequency is around 195 kHz for code and 729 kHz for carrier. The receiver modem records the time of the first ascending zero-phase of the beatnote signal after the 12.5 PPS signal. We call this observable T m, where m is the number of the 80 ms sequence.
Finally, the modem counts the number of ascending zero-phase nm during sequence m. T ; p s , Tm, nm and m are the basic observables of the modem, which we call TT observables, and are recorded for code and carrier signals. The modem internal clock is reset every 4 s. However the observables are also roughly dated in UTC, which allows resolving the 4 s ambiguity between resets. 6 ). The phase increase between these two signals is equal at emitter and receiver:
A. From IT to ST observables
The received signal is mixed with a local oscillator signal such that the beatnote phase is:
(for code) (for carrier)
Signs are different for code and carrier; we will write subse quent formulas in a compact way with the sign in black for code and red for carrier. We assume ¢ ( T) = W T + cst, where W is the pulsation of the considered signal. Then, from eqs.(23) and (24) we deduce:
We We eq.(25) we get:
6. T r ( T r ) -6. r. r ( r. r ) -1 1 6. T � ( Tm ) = 6. T �_ 1 ( Tm -1 ) where accuracy of Tm observables, oTm rv 10 ns, can be de duced from modem internal clock, which frequency is around 100 MHz. However, oTm is underestimated here because other noise sources than the internal clock may count. The goal here is not to do a precise accuracy budget but rather get a lower limit.
B. Initial term determination
What is the first term of the iterative series (27)? Our goal is to determine 6.TO(To) with an absolute accuracy < 100 ps, which is required for ground-space time transfer.
For frequency transfer, we should be able to bridge the gap between two passages with an accuracy depending on the duration between them, which can be read on fig.2 (e.g. 1.5 ps for two passages separated by one orbital period). Let which is sufficient. However, 6. T ; p s is known with the modem internal clock accuracy, i.e. O( 6. T ; p s) rv 10 ns. Even averaging on a complete data set is not sufficient, reaching rv 580 ps accuracy with 300 points. Then we need a method to obtain a precise PPS observable. 1) Precise PPS observable: the emitter PPS is phase coher ent with the code phase and the receiver PPS is phase coherent with the local oscillator phase. Then we can use the internal counter and the code phase observables to follow the phase precisely and derive a more accurate pps observable that we call 6. T ; pp s '
The receiver local oscillator is phase coherent with the receiver PPS (it has a zero crossing at T i � ) ' then: 
WL.O . where 2N = 2 (NL.o . -NB ) is an integer. Provided we can determine the integer 2N exactly, the uncertainty on 6. T ; pp s is O¢ b / WL.O . rv 20 ps. The value of N is determined by using the direct measurement 6. T ; p s ( T ; p s) in eq.(32) above:
Uncertainty of the second term in (33) is rv 0.012/(27r) rv 2 . 10 -3 , therefore negligible. However, uncertainty of the first term is rv WL.O . ·10 ns/(27r) rv 1, which is insufficient.
One solution is to average over all PPS measurements of a continuous passage, which should be sufficient for realistically useful passages (e.g. > 50 s).
Finally using the precise PPS observable 6. T ; pp s ( T ; p s) cal culated from eq.(32) in eq.(29) reaches the required accuracy for time transfer.
2) Bridging the gap: to perform ground-space frequency comparisons on long term one needs to link observables from two different ISS passages. It is then necessary to determine precisely the time elapsed from one passage to another thanks to the IT observables. Let's call 6. T O( T O) and 6. T �( T �) the ." It can be shown that the accuracies of the different terms in this equation are sufficient to determine Ng without ambiguity.
Then we deduce:
We We
This equation links ST observables from two passages to rv 20 ps, which is not sufficient as can be seen from fig.2 . Using several pairs of code observables to determine this quantity will not increase the accuracy, as the error for each data pairs will be correlated. Two solutions can be envisioned. One can use carrier phase observables. However, it remains to be seen if the phase ambiguity (integer Ng) can be solved for carrier phase. This will be studied in another article. Second solution would be to use another observable from the MWL modem: the accumulated phase T::;c, which is the sum of all dates of ascending zero-phase during sequence m.
In fig.7 is shown the short-term stability of ST observables, calculated either using Tm or T::;c observables, for code ( fig.7(a) ) and carrier ( fig.7(b) ). It can be seen that using T::;c observables increases measurements accuracy. However, code accuracy is still not sufficient to bridge the gap between two passages: we assume that ST observables uncertainty is <5 (6. T) rv 3 x TDEVo, where TDEVo is the Time deviation for T = 0.0 8 s, the period of measurements. Then, from fig. 7 (a), 34 <5 (6. T) rv 9 0 ps for code phase and <5 (6. T) rv 18 ps for accumulated code phase. This is not sufficient to bridge any gap. From fig. 7 (b) we deduce <5 (6. T) rv 0. 9 ps for carrier phase and <5 (6. T) rv 0.1 5 ps for accumulated carrier phase.
Any of these two observable is sufficient to bridge a gap of 30 mn or larger. It remains to be seen how to solve the phase ambiguity for carrier phase, which will be studied in another article.
IV. SIMULATION AND DATA ANALYSIS
The SYRTE team writes an independent data analysis software, in order to make the most of the ACESIPHARAO mission data. This software is written in Python language. In order to test it, we wrote a simulation that generates (noisy) TT observables, as well as theoretical ST observables. This simulation is written in Matlab language, and is as much as possible independent from the data analysis software.
A. Simulation
The simulation takes as input orbitography of the ISS and one Ground Station (GS) in a Celestial Reference System. From orbitography files it simulates the proper times given by ISS and GS clocks, and the time transfer between these two clocks, using a modelization of the MWL. Observables are given in terms of TT and ST observables. Moreover, theoretical values of the scientific products are given in order to test the data analysis software.
In fig.8 we have plotted different contributions included in the signal time-of-flight of signal h ':::' 13.5 GHz. Minimum elevation of ISS is taken as 10 0 , and atmospheric parameters are temperature T = 298 K, pressure p = 1 bar and water vapor pressure e = 0. 5 bar. A sinusoidal variation is added to atmospheric parameters, with a period of 24 hours, and a Chapman layer model is used to calculate the STEC. Tropospheric delay is dominant in the time-of-flight, with a value of several 10 ns. We used here a Saastamoinen model, which is not really reliable at low elevation of ISS. The dispersive part of troposphere has not been taken into account, and it remains to be seen if this is necessary. Ionosphere is dispersive such that ionospheric delay can be separated in two contributions: an effect that scales with 1/ P and one that scales with 1/ p (see eqs.(l7)-(l8». The second order contribution is around 1 ns and the third contribution around 0.1 ps, below mission accuracy. However these effects are much larger for the h = 2 . 25 GHz signal: around 40 ns for second order term and 20 ps for third order term. Then third order terms cannot be ignored. Finally the Shapiro delay of several ps is slightly over the required accuracy.
B. Data analysis
An independent pre-processing software has been written, using equations from sec.III. It takes TT observables from the simulation, transforms them to ST observables and compares the result to the theoretical ST observables coming from the simulation. One example can be seen on fig.9 . It can be seen that ST observables are well recovered, with a noise which is coherent with previous estimations. However here the noise is underestimated because all noise sources have not been included (only the modem internal clock noise). The absolute value of the ST code observable is found thanks to the method of the initial term determination, with an uncertainty less than 20 ps (explaining why the data cloud is not centered on 0). The phase ambiguity for carrier observable has not been solved, explaining the constant bias between the recovered and the theoretical ST carrier observables.
The full data analysis software is being written but not finished yet. We explain its basic principle on fig. 10 . A special care is taken for file naming, data classifying, file formats and conventions. Indeed many data from several different sources will have to be used and these issues can be critical. Current implementation has a modular design and is currently being developed.
V. CONCLUSION
We have written a theoretical description of one-way and two-way satellite time and frequency transfer and devel oped a model of the MicroWave Link in the frame of the ACESIPHARAO mission. This description has been used to write a data analysis software and a simulation to test it. The simulation is written in its first version, and used to assess our pre-processing software. The design of the data analysis software has been done in a modular way, and most of the building blocks are ready.
Several questions remain: how to solve the phase ambiguity for the carrier observable, what is the dispersive effect of the troposphere?
